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Highlights 
Total ions, Cl- and Na+ increased with higher salinity in leaves and rhizomes of both 
seagrass species.  
K+ and Ca+2 generally decreased with higher salinity.  
Cl- and Na+ were higher in rhizomes than in leaves, possibly reflecting effective ion 
exclusion mechanisms in leaves. 
The ratios K+/Na+ and Ca+2/Na+ were higher in H. wrightii than in T. testudinum leaves. 
*Highlights (for review)
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Abstract 11 
We examined the effects of short-term salinity pulses on ion accumulation in the seagrasses 12 
Thalassia testudinum and Halodule wrightii. Plant fragments were exposed for approximately one 13 
week to 10, 23 (ambient salinity), 30, 40, 50 and 70 psu. The concentrations of total ions, Cl
-
 and 14 
Na
+
 increased with higher salinity in leaves and rhizomes of both seagrass species. In contrast, the 15 
concentrations of K
+
 and Ca
+2
 generally decreased with higher salinity, although the decrease was 16 
relatively small and only observed at extreme salinities. Our results indicate the concentrations of Cl
-
 17 
and Na
+
 were higher in rhizomes than in leaves, possibly reflecting effective ion exclusion 18 
mechanisms in leaves. Under ambient (control) salinity the ratios K
+
/Na
+
 and Ca
+2
/Na
+
 were 38% 19 
and 46% higher in H. wrightii than in T. testudinum leaves, which support the notion that H. wrightii 20 
is more tolerant of salinity increases than T. testudinum.  In concert, our results show novel 21 
observations of ion osmolyte concentrations in these seagrass species that point to adaptive 22 
responses to salinity pulses.  Despite these adaptive responses, pulses of extremely high salinity (>50 23 
psu) lasting approximately one week are detrimental to these seagrass species. 24 
 25 
 26 
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 29 
1. Introduction 30 
Seagrasses are a unique group of angiosperms that grow completely submerged in seawater, where 31 
NaCl is the dominant salt present. Indeed, the tolerance of seagrass species to high salinity has often 32 
been proposed as the reason for their occurrence in seawater (Tyerman, 1989). Seagrasses exposed 33 
to high salinity (high NaCl) regulate water and osmolyte balance through osmotic adjustment. 34 
*Manuscript
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Osmotic adjustment maintains cell water contents by increasing the osmotic force that can be 1 
exerted by cells on their surroundings, which increases water uptake. This process entails an increase 2 
in solute content and concomitant decrease in osmotic potential (Ψπ) (Tyerman, 1989; Touchette, 3 
2007). The initial hyperosmotic response (minutes to hours to days) to increased salinity typically 4 
involves raising ion levels within cells by accumulating ions from the external environment until 5 
osmotic equilibrium is achieved (Flowers et al., 1977; Tyerman, 1982; Touchette, 2007). Seagrasses 6 
can accumulate salt in concentrations equaling or exceeding those in seawater without any harmful 7 
impacts on the plant (Flowers et al., 1977). Specifically, seagrasses accumulate sodium (Na
+
), 8 
potassium (K
+
) and chloride (Cl
-
) (Touchette, 2007) and these concentrations may vary among 9 
seagrass species and organs of the same plant (Birch, 1975; Ye and Zhao, 2003).  10 
 11 
Ions are very efficient osmolytes, the cellular concentrations of which can be adjusted easily and 12 
quickly with low metabolic energy costs, especially compared to the costs involved in biosynthesis 13 
or degradation of organic osmolytes (Raven, 1985). Aquatic plants can take up ions via roots, shoots 14 
and leaves (Babourina and Rengel, 2010), and maintenance of adequate levels of K
+
 and Ca
+2
 is 15 
essential for plant survival. Seagrass cells store Cl
-
 and Na
+
 in vacuoles to avoid elevated 16 
cytoplasmic concentration and resulting physiological damage (Carpaneto et al., 1997; Ye and Zhao, 17 
2003; Touchette, 2007). When Cl
-
 and Na
+
 are sequestered in the cell vacuole, K
+
 and other organic 18 
osmolytes accumulate in the cytoplasm and balance the cell osmotic pressure (Davison and Reed, 19 
1985; Kirst, 1989; Touchette, 2007). Thus, vacuolar ion accumulation contributes to both osmotic 20 
adjustment and the maintenance of low cytoplasmic ion concentrations that prevent physiological 21 
damage (Hajibagheri and Flowers, 1989). The capacity of plants to counteract salinity stress strongly 22 
depends on the status of their K
+
 and Ca
+2
 nutrition (Maathuis and Amtmann, 1999). Seagrass 23 
species that maintain higher K
+
/Na
+ 
and Ca
+2
/Na
+ 
ratios in the cell under ambient conditions are 24 
more tolerant of high salinity conditions (Maathuis and Amtmann, 1999; Muramatsu et al., 2002).  25 
 26 
Halodule wrightii (shoalgrass) is a narrow-leaved seagrass considered somewhat more euryhaline 27 
than Thalassia testudinum (turtlegrass). H. wrightii can tolerate salinities as low as 5 psu and as high 28 
as 65 psu (Dawes, 1987; Vermaat et al. 1993; Dunton, 1996; Koch et al., 2007). There are several 29 
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studies of the influence of salinity on these seagrasses, ranging from impacts on growth and 1 
survivorship (McMillan and Moseley, 1967; McMahom, 1968; McMillan, 1974; Lirman and 2 
Cropper, 2003; Koch et al., 2007) to physiological parameters, carbohydrates, and osmolality 3 
(Berns, 2003; Koch et al., 2007), and seedling performance (Kahn and Durako, 2006). However, few 4 
studies have investigated the response of ion concentrations and the function of inorganic solutes in 5 
osmotic adjustment in seagrasses (Tyerman, 1982; Tyerman et al., 1984; Ye and Zhao, 2003; 6 
Touchette, 2007; Marín-Guirao et al., 2013), and to our knowledge, there are no studies to date. The 7 
purpose of the present study was to examine the short-term impacts of salinity pulses on inorganic 8 
ion concentrations in leaves and rhizomes of the seagrasses T. testudinum and H. wrightii. 9 
 10 
2. Materials and Methods 11 
 2.1 Plant sampling and experimental design 12 
Rhizome fragments of both species with connected shoots and roots were collected from a shallow 13 
bed (1-1.5 m depth) at Big Lagoon (Florida) in October 2009. Plants were transported to the 14 
Dauphin Island Sea Lab (Alabama, USA) submerged in coolers and transplanted into 19 l (50 cm 15 
depth) experimental aquaria within 4 hours of collection. There was no acclimation period since we 16 
intended to replicate the impacts of a sudden, abrupt salinity shift (see below). Sediment was 17 
obtained from the seagrass collection site and placed into the aquaria.  Each aquarium contained 18 
four intact rhizome fragments of each seagrass species, with each rhizome fragment having 6-15 19 
connected shoots. 20 
 21 
To maintain ambient seawater temperature, the aquaria were submerged in an outdoor flow-through 22 
system with pumped seawater that flowed around the aquaria and covered about ¾ of their height. In 23 
general, the ambient conditions of temperature, salinity and nutrients between the water and seagrass 24 
collection sites were similar (Stutes et al., 2007, Cebrian et al., 2013). The water in the aquaria was 25 
oxygenated with air pumps and seagrasses were exposed to the following salinity treatments for six 26 
(T. testudinum) and seven (H. wrightii) days: 10, 23 (ambient salinity and control treatment), 30, 40, 27 
50 and 70 psu with three replicated aquaria per treatment. Salinity was increased by adding salt to 28 
ambient seawater and decreased by adding distilled water. The changes were sudden, i.e. plants 29 
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transported from the field were not acclimated through progressive salinity changes, but subjected to 1 
these changes abruptly. Treatments were randomly assigned to aquaria. Salinity levels were 2 
maintained within ±1.5 psu throughout the experiment. 3 
 4 
2.2 Plant response measurements 5 
The seagrass T. testudinum was sampled 6 days, , and H. wrightii 7 days, after starting the 6 
experiment, since it was not possible to process samples for the two species on the same day. Leaf 7 
and rhizome cation (Na
+
, K
+
, Ca
+2
) and anion (Cl
-
) concentrations were determined using an ion 8 
chromatograph Metrohm 850 ProfIC AnCat- MCS with chemical suppression and conductimetric 9 
detection. Analyses were performed on two samples per species and aquaria. Each leaf sample 10 
consisted of the basal section (15 cm long) of the second youngest leaf for two T. testudinum shoots 11 
and four H. wrightii (two sections from two leaves from different shoots for T. testudinum, and four 12 
for H. wrightii). Rhizome samples consisted on several fragments of rhizome pooled together. The 13 
leaf samples were cleaned of epiphytes, samples were rinsed profusely with freshwater to remove 14 
attached salts, and then dried at 80C for 24 hours (Birch, 1975). Subsequently, the samples were 15 
digested in 15 ml of a 3.5 mM HNO3 solution made with ultrapure water, stirred for 30 minutes and 16 
centrifuged at 5000 rpm for 5 minutes. The supernatant was first filtered through 0.45 µm and then 17 
through a Sep-Pak C-18 column before analysis in the ion chromatograph (Marín-Guirao et al., 18 
2013). Samples of H. wrightii rhizome for 30psu and 40psu were lost and are not included in the 19 
analysis. 20 
 21 
2.3 Statistical analysis 22 
Rhizome ion concentration (for T. testudinum) was analyzed using one-way ANOVA with salinity 23 
as the single factor. Ion concentrations and ratios in leaves were analyzed with a two-factor ANOVA 24 
with salinity and seagrass species as the factors. Post-hoc comparisons were done with the Tukey 25 
test. For the two-way ANOVA’s, Tukey tests comparing salinity treatments were done after pooling 26 
the two species for each salinity treatment if the main salinity effect was significant and the 27 
interaction term between salinity and seagrass species was not. If the interaction term was 28 
significant, one-way ANOVA’s followed by Tukey tests were done among salinity treatments for 29 
each seagrass species separately (Sokal and Rohlf, 1998; Quinn and Keough, 2002). Homogeneity of 30 
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variance was evaluated with Cochran´s test (Underwood, 1997). All samples from the same 1 
aquarium were averaged into one single true replicate for analysis.  Differences were considered 2 
significant at p≤0.05. 3 
 4 
3. Results 5 
Cl
-
 concentration in leaves increased with increased salinity to a similar extent in both seagrasses by 6 
the end of the experiment with no significant interaction between salinity and seagrass species 7 
(Figure 1, Table 1). The increase was gradual, with lower salinities (10 and 23 psu) having lower 8 
concentrations than mid salinities (30 and 40 psu), which in turn had lower concentrations than high 9 
salinities (50 and 70 psu). Na
+
 concentrations in leaves at the end of the experiment also increased 10 
with increased salinity, and the extent of the increase was similar for the two seagrass species (no 11 
significant interaction between salinity and seagrass species; Figure 1, Table 1). Significant 12 
differences were found between 10 and 40 psu, and between low/mid salinities (10-40 psu) and high 13 
salinities (50-70 psu). 14 
K
+
 concentration in leaves at the end of the experiment was lower in the highest salinity treatment 15 
(70 psu) than in the rest of treatments for both species (no significant interaction between salinity 16 
and seagrass species; Figure 1, Table 1).  No differences were found among salinities < 70 psu.  17 
Ca
+2
 concentration in leaves at the end of the experiment decreased with increased salinity for both 18 
species with no significant interaction between salinity and seagrass species (Figure 1, Table 1).  The 19 
decrease was gentle, and significant differences were only found between the lowest (10 psu) and 20 
the highest salinity treatments (50 and 70 psu).  Total ion concentration in leaves at the end of the 21 
experiment increased with increased salinity to a similar extent in both species with no significant 22 
interaction between salinity and seagrass species; (Figure 2, Table 1).  Significant differences were 23 
found between 40 and 10-23 psu, 50 and 10-30 psu, and 70 and 10-40 psu. 24 
The ratio K
+
/Na
+
 in leaves at the end of the experiment decreased with increased salinity, and that 25 
decrease was steeper for H. wrightii than for T. testudinum (significant interaction between salinity 26 
and seagrass species; Figure 1, Table 1). Namely, a rather gradual decrease was found for H. 27 
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wrightii from the lowest to the highest salinity treatment (i.e. 23 was lower than 10 psu, 30 lower 1 
than 10 psu, 40 lower than 10 and 23 psu, 50 lower than 10-30 psu, and 70 lower than 10-40 psu), 2 
but for T. testudinum the ratio was lower in the highest salinity treatment than in the rest, lower in 50 3 
than in 10-40 psu, and no significant differences were found among the treatments 10-40 psu. 4 
Similar results were observed for the Ca
+2
/Na
+
 ratio in leaves at the end of the experiment; the ratio 5 
decreased with increased salinity but the decrease was steeper for H. wrightii than for T. testudinum 6 
with a significant interaction between salinity and seagrass species; (Figure 1, Table 1).  Under 7 
ambient conditions (i.e. control salinity treatment of 23 psu), H. wrightii displayed higher K
+
/Na
+
 8 
and Ca
+2
/Na
+
 ratios in its leaves than did T. testudinum (Tukey tests between the two species at 23 9 
psu for each ratio, P≤0.05). 10 
Similar results were found for Cl
-
 and Na
+
 concentrations in T. testudinum rhizomes as salinity 11 
increased.  At the end of the experiment these concentrations increased with increased salinity in a 12 
rather gradual manner (Figure 3, Table 1), with the concentration lowest at 10 psu and becoming 13 
progressively higher at higher salinities. K
+
 concentrations in T. testudinum rhizomes at the end of 14 
the experiment showed higher values at mid (30-40 psu) than at low and high salinities (10, 50 and 15 
70 psu; Figure 3, Table 1). A slight decrease with increased salinity was found for Ca
+2
 in T. 16 
testudinum rhizomes at the end of the experiment, with 50 and 70 psu being significantly lower than 17 
10 psu (Figure 3, Table 1). Total ion concentration in T. testudinum rhizomes at the end of the 18 
experiment increased with increased salinity, with 40 psu displaying significantly higher 19 
concentrations than 10-23 psu, 50 higher values than 10-30, and 70 higher values than 10-40 (Figure 20 
2, Table 1). Both K
+
/ Na
+
 and Ca
+2
/ Na
+
 ratios in T. testudinum rhizomes at the end of the 21 
experiment decreased with increased salinity. The decrease was gradual with progressively lower 22 
values as salinity increased (Figure 3, Table 1). Despite the limited sample size for H. wrightii 23 
rhizomes, our results show that, for any given salinity level, Cl
-
 and Na
+
 concentrations in rhizomes 24 
were higher than in leaves for both seagrass species. 25 
 26 
4. Discussion 27 
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The Na
+
 and K
+
 concentrations measured in our study were similar to the mean values reported by 1 
Touchette (2007) for various seagrass species (Na
+
: 28.9 ± 10.8 mg g
-1
; K
+
: 17.6 ± 2.7 mg g
-1
). The 2 
increase in total ion concentration for seagrass leaves and rhizomes was due to the increase in the 3 
ions with major osmotic activity (i.e. Na
+
 and Cl
-
). As shown by other studies with seagrass and 4 
marine algae, these ionic accumulations could be achieved byprocesses such as passive diffusion and 5 
active transport, (Blumwald et al., 2000), and/or seagrass-specific channel-based transportation 6 
mechanisms (Carpaneto et al., 2004; Babourina and Rengel, 2010). Ion accumulation could cause 7 
osmotic adjustment, decreasing the osmotic potential (Ψπ) (Tyerman, 1989; Touchette, 2007). The 8 
accumulation of Cl
-
 is balanced by the accumulation of Na
+
 and K
+
. Large accumulation of Na
+
 and 9 
Cl
-
, however, may be harmful for seagrasses (Greenway and Munns, 1980), and it seems seagrasses 10 
store these ions in vacuoles to minimize damage (Binzel et al., 1988; Niu et al., 1995; Storey and 11 
Walker, 1998). 12 
A decrease in K
+
 levels at high salinities, while Na
+
 and Cl
-
 concentration increased, was also 13 
observed in red algae and in the brown algae Colpomenia sp. (Kirst and Bisson, 1979).  Due to the 14 
importance of K
+
 and Ca
+2
 in cell integrity, species that maintain higher cell K
+
/Na
+ 
and Ca
+2
/Na
+ 15 
ratios under ambient conditions are more tolerant of high salinity conditions (Maathuis and 16 
Amtmann, 1999; Muramatsu et al., 2002).  The higher ratios (K
+
/Na
+
 and Ca
+2
/Na
+
) found at 23 psu 17 
(ambient salinity in the study site) for H. wrightii, than for T. testudinum may indicate a better 18 
physiological ability of H. wrightii to cope with high salinity in comparison with T. testudinum. 19 
These results provide support to the notion that H. wrightii is more tolerant to salinity increases than 20 
T. testudinum (Koch et al. 2007, Touchette 2007).   21 
Overall ion concentration in the leaves and rhizomes of both seagrass species decreased from Cl
-
 to 22 
Na
+
 to K
+
 to Ca
+2
. This differs from past results reported for Zostera marina, where concentrations 23 
decreased from Na
+
 to K
+
 to Cl
-
 to Ca
+2
 in both leaves and rhizomes (Ye and Zhao, 2003). Perhaps 24 
ion accumulation processes in Z. marina are more similar to marine macroalgae, which also 25 
accumulate high Na
+
 and K
+
 concentrations (Touchette, 2007).  In addition, Na
+
, Cl
-
 and K
+
 26 
concentrations were higher in leaves than rhizomes in Z. marina (Ye and Zhao, 2003), whereas Cl
-
, 27 
Na
+
, K
+
 and Ca
+2
 concentrations were higher (more than twice) in rhizomes than leaves in T. 28 
testudinum and H. wrightii. The latter may indicate more efficient ion exclusion mechanisms in 29 
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leaves for the protection of enzymatic photosynthetic reactions.  Despite the restricted sample size 1 
for ion concentration in H. wrightii rhizomes, the pattern appears to be qualitatively similar to T. 2 
testudinum rhizomes. 3 
In our study, 50 psu seems to be the salinity that leads to reduced growth and decreased 4 
photosynthetic efficiencies (data not shown), presumably due to loss of osmotic balance following  5 
accumulation of Cl
- 
and Na
+
 and depletion of K
+
 and Ca
+2
. At this salinity, Na
+ 
and Cl
-
 6 
concentrations were much higher than ambient values.  It appears this hypersaline condition 7 
exceeded the ionic exclusion or accumulation capacity of these species for attaining ion homeostasis 8 
(Greenway and Munns, 1980; Gorham et al., 1985). Ion accumulation for maintaining osmotic 9 
adjustment is an efficient mechanism to cope with short-term osmotic stress (minutes to hours to a 10 
few days) (Flowers et al., 1977; Tyerman, 1982; Touchette, 2007), but it may not be sustainable for 11 
several days (Touchette, 2007, Marín-Guirao et al., 2013).  12 
In conclusion, our results show novel observations of ion osmolyte concentrations in cornerstone 13 
Golf of Mexico seagrass species under varying salinities, which point to adaptive processes to 14 
salinity pulses. These observations support the notion that H. wrightii is more tolerant of salinity 15 
increases than T. testudinum.  Both species adapt well (without major detrimental effects) to salinity 16 
values not far from ambient values. At moderate salinity increases, H. wrightii does not endure as 17 
much damage in morphological/functional traits as does T. testudinum (data not shown), as 18 
suggested by the higher K
+
/Na
+
 and Ca
+2
/Na
+
 ratios in the former species. However, short-term 19 
(lasting up to 6-7 days) pulses of extremely high salinity are detrimental to both seagrass species, as 20 
reflected in substantial damage on morphological/functional traits (data not shown), decreases in 21 
cellular K
+
 and Ca
+2
 concentrations, increases in  Na
+
 and Cl
-
 concentrations, and decreases in 22 
K
+
/Na
+
 and Ca
+2
/Na
+
 ratios.  23 
 24 
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Fig.1. The effects of salinity on leaf ion concentration (mg g
-1
) and ratios K
+
/Na
+
 and Ca
+2
/Na
+
. 15 
Solid circles correspond to T. testudinum and open circles to H. wrightii. Values are to means values 16 
and confidence intervals are S.E. Letters denote the results of post-hoc Tukey comparisons (one-way 17 
ANOVA or two-way ANOVA with non-significant interaction term).  Insets of ordered salinity 18 
treatments denote the results of post-hoc Tukey comparisons for each species (two-way ANOVA 19 
with significant interaction term). See text for details. 20 
 21 
 22 
 23 
Fig.2. The effects of salinity on total ion concentration (mg g
-1
) in (A) leaves and (B) rhizome. Solid 24 
circles correspond to T. testudinum and open circles to H. wrightii. Values are to means values and 25 
confidence intervals are S.E. Letters denote the results of post-hoc Tukey comparisons (one-way 26 
ANOVA or two-way ANOVA with non-significant interaction term). Due to equipment failure only 27 
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one replicate for some of the salinity treatments existed for H. wrightii. Such values are plotted for 1 
illustrative purposes. See text for details. 2 
 3 
 4 
Fig.3. The effects of salinity on rhizome ion concentration (mg g
-1
) and ratios K
+
/Na
+
 and Ca
+2
/Na
+
. 5 
Solid circles correspond to T. testudinum and open circles to H. wrightii. Values are to means values 6 
and confidence intervals are S.E. Letters denote the results of post-hoc Tukey comparisons. Due to 7 
equipment failure only one replicate for some of the salinity treatments existed for H. wrightii. Such 8 
values are plotted for illustrative purposes. See text for details. 9 
 10 
 11 
Table1. ANOVA summary table comparing variations in ions concentrations in leaves for T. testudinum 12 
and H. wrightii and rhizome concentrations for T. testudinum. 13 
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Variable Effect df MS F p 
Leaves      
Cl-   Sal 5 6.8 41.0 ≤0.05 
 Species 1 0.2 1.5 0.25 
 SalxSpecies 5 0.1 0.9 0.50 
 Residual 12 0.2   
 Total 23    
Na+ Sal 5 5.0 82.7 ≤0.05 
 Species 1 3.2 52.1 ≤0.05 
 SalxSpecies 5 0.1 1.0 0.47 
 Residual 12 0.1   
 Total 23    
K+  Sal 5 22.4 15.7 ≤0.05 
 Species 1 21.5 15.1 ≤0.05 
 SalxSpecies 5 1.6 1.1 0.40 
 Residual 12 1.4   
 Total 23    
Ca+2  Sal 5 0.8 7.5 ≤0.05 
 Species 1 1.4 12.3 ≤0.05 
 SalxSpecies 5 0.3 2.7 0.07 
 Residual 12 0.1   
 Total 23    
Total Sal 5 2937.1 25.2 ≤0.05 
 Species 1 685.1 5.9 ≤0.05 
 SalxSpecies 5 71.3 0.6 0.69 
 Residual 12 116.7   
 Total 23    
K+/Na+  Sal 5 0.2 198.3 ≤0.05 
 Species 1 0.3 329.2 ≤0.05 
 SalxSpecies 5 0.0 28.3 ≤0.05 
 Residual 12 0.0   
 Total 23    
Ca+2/Na+  Sal 5 0.0 474.6 ≤0.05 
 Species 1 0.0 594.4 ≤0.05 
 SalxSpecies 5 0.0 109.8 ≤0.05 
 Residual 12 0.0   
 Total 23    
Rhizomes      
Cl-  Sal 5 3754.6 127.5 ≤0.05 
 Residual 6 29.4   
 Total 11    
Na+  Sal 5 1722.6 132.5 ≤0.05 
 Residual 6 13.0   
 Total 11    
K+  Sal 5 43.0 14.6 ≤0.05 
 Residual 6 2.9   
 Total 11    
Ca+2  Sal 5 0.7 5.1 ≤0.05 
 Residual 6 0.1   
 Total 11    
Total  Sal 5 10164.1 87.6 ≤0.05 
 Residual 6 116.0   
 Total 11    
K+/Na+ Sal 5 0.1 56.6 ≤0.05 
 Residual 6 0.0   
 Total 11    
Ca+2/Na+  Sal 5 0.0 82.8 ≤0.05 
 Residual 6 0.0   
 Total 11    
Table1. ANOVA summary table comparing variations in ions concentrations in leaves for T. 
testudinum and H. wrightii and rhizome concentrations for T. testudinum. 
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